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ABSTRACT
The newly discovered 16.35 days period for repeating FRB 180916.J0158+65 provides
an essential clue for understanding the sources and emission mechanism of repeating
FRBs. Many models propose that the periodically repeating FRBs might be related
to binary star systems that contain at least one neutron star (NSC-FRB system). It
has been suggested that the NS “combed” by the strong wind from a companion star
might provide a solution. Following the “Binary Comb” model, we use the population
synthesis method to study in detail the properties of the companion stars and the
nature of NSC-FRB systems. Our main findings are: 1) the companion star is most
likely to be a B-type star; 2) the period of 16 days of FRB 180916 happens to fall in the
most probable period range, which may explain why FRB 180916 was the first detected
periodically repeating FRB, and we expect to observe more periodically repeating
FRBs with periods around 10-30 days; 3) the birth rate for NSC-FRB system is large
enough to fulfill the event rate requirement set by the observation of FRB 180916,
which supports the proposal that NSC-FRB can provide one significant channel for
producing periodically repeating FRBs.
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1 INTRODUCTION
Fast radio bursts (FRBs) have been extensively explored
since their discovery more than 10 years ago (Lorimer et al.
2007; Thornton et al. 2013), but the nature of the FRBs’
sources remains a mystery (Petroff et al. 2019; Cordes &
Chatterjee 2019, for reviews). In the literature, FRBs are
usually classified into two categories: non-repeating FRBs
which are proposed to be related to cataclysmic events, such
as binary neutron star mergers (Totani 2013; Wang et al.
2016; Yamasaki et al. 2018; Dokuchaev & Eroshenko 2017;
Wang et al. 2020), binary white-dwarf mergers (Kashiyama
et al. 2013), mergers of neutron star and black hole (Zhang
2019; Dai 2019) or mergers of charged black holes (Zhang
2016; Liu et al. 2016), collapses of supramassive rotating
neutron stars (Falcke & Rezzolla 2014; Zhang 2014; Ravi &
Lasky 2014; Punsly & Bini 2016) and so on; or repeating
FRBs which might be related to some repeatable astrophys-
ical phenomenons, such as magnetar flares (Kulkarni et al.
2014; Lyubarsky 2014), collisions and interactions between
neutron stars and small objects (Geng & Huang 2015; Dai
et al. 2016; Mottez & Zarka 2014; Smallwood et al. 2019),
quark novae (Shand et al. 2016), giant pulses of pulsars
? E-mail: zxf@bnu.edu.cn
† E-mail: gaohe@bnu.edu.cn
(Connor et al. 2016; Cordes & Wasserman 2016), cosmic
combs (Zhang 2017, 2018) and so on. See Platts et al. (2019)
for a review on the available theoretical models.
Most recently, Canadian Hydrogen Intensity Mapping
Experiment (CHIME) telescope reports that their first dis-
covered repeating FRB 180916.J0158+65 (hereafter FRB
180916) exhibits an activity period of 16.35 days with 4.0-
days active time window (The CHIME/FRB Collaboration
et al. 2020). This may bring clues for understanding the
source and emission mechanism of repeating FRBs. Up to
now, some models have been proposed to interpret the peri-
odic behavior of FRB 180916, and most of them introduce
the orbital periods of a neutron star (NS) and its compan-
ion star to explain the periodicity 1. For instance, Ioka &
Zhang (2020) proposed that FRB 180916 is produced by a
highly magnetized pulsar with a lifetime smaller than 104 yr,
whose magnetic field is “combed” by the strong wind from
a companion star. And they considered two situations that
the companion star could be either a massive star or a mil-
lisecond pulsar. Lyutikov et al. (2020) also considered to use
1 Yang & Zou (2020) proposed that the periodicity of FRB
180916 comes from orbital-induced, spin precession of the FRB
emitter (most likely a NS), where the companion is likely a com-
pact star and the binary period ranges from several hundreds to
thousands of seconds.
c© 2011 RAS
ar
X
iv
:2
00
6.
10
32
8v
1 
 [a
str
o-
ph
.H
E]
  1
8 J
un
 20
20
2NS and massive star binary to interpret the periodicity of
FRB 180916, but they proposed that the observed periodic-
ity is due to the orbital phase-dependent modulation of the
absorption conditions in the massive star’s wind, instead of
intrinsic to the FRBs’ source. Dai & Zhong (2020) propose
that periodically repeating FRB might be produced from
an old-aged pulsar traveling through the asteroid belts of
its companion star, so that the periodically repeating FRBs
would provide a unique probe of extragalactic asteroid belts.
Gu et al. (2020) suggested that FRB 180916 is produced by
a NS-white dwarf (WD) binary system when the WD fills
its Roche lobe at the pericenter, so that the mass transfer
from the WD to the NS resulting in multiple radio bursts.
In this case, the observed period of FRB is identical to the
orbital period of the binary.
Under the “Binary Comb” model framework proposed
by Ioka & Zhang (2020), this Letter tries to investigate the
following questions by population synthesis method: when a
binary star system evolves into the “FRB-productive” stage,
namely at least one of the stars has evolved into a NS with
lifetime being less than 104 yr and the companion’s wind
density is not opaque to induced Compton or Raman scat-
terings for repeating FRB emission (henceforth, we call such
a system as NSC-FRB system), 1) what are the properties
of its companion star, e.g., surface temperature, luminosity
and masses; 2) what is the distribution of the orbital period
and eccentricity, is the 16 day period unique across the dis-
tribution; 3) what is the birth rate for NSC-FRB systems,
is it large enough to fulfill the event rate requirement set by
the observation of FRB 180916 ?
2 THE MODELS
For the purpose of this work, we first simulate 107 systems
including single and binary stars, and evolve them starting
from zero-age main-sequence stage within an evolution
time of 14 Gyr. Here we calculate the evolution models of
binary stellar stars, including individual stellar evolution
tracks and initial conditions, with the BSE code (Hurley
et al. 2000, 2002). Some of the important initial conditions
and physical processes are described in the following. These
basic parameters for binary star evolution chosen in this
work have been used in several previous studies, e.g.,
for neutron star formation (de Mink & Belczynski 2015;
Zapartas et al. 2017; Wang et al. 2020).
(1) We adopt the initial mass function (IMF) of Kroupa
(2001) in the range 0.1−100 M. The initial mass of primary
stars (the massive star in system), M1, are generated by the
formula of
dN
dM1
∝Mα1 , (1)
where α = −2.3.
(2) We assume a mass-ratio distribution of
dN
dq
∝ qκ. (2)
We adopt κ = 0 which consistent with Sana et al. (2012)
and Kiminki & Kobulnicky (2012).
(3) We assume a distribution of orbital periods by the
formula of
dN
d log10 P
∝ (log10 P )pi . (3)
We adopt pi = 0 for M1 6 15 M (Kobulnicky et al. 2014;
Moe & Di Stefano 2015) and pi = −0.55 for M1 > 15 M
(Sana et al. 2012).
(4) We assume the distribution of initial eccentricities of
binaries follows
fe(e) ∝ eη. (4)
We adopt η = 0.42 as found by Sana et al. (2012).
(5) The observations indicate that the binary fraction may
depend on the binary parameters (Kouwenhoven et al. 2009;
Sana et al. 2012). Hence, we assume a binary fraction by the
formula of van Haaften et al. (2013)
fb = 0.5 + 0.25 log10(M1). (5)
(6) The NS have kick velocities due to binary evolution (Iben
& Tutukov 1996) and explosion of supernovae (Lai et al.
1995, 2001; Nordhaus et al. 2012). We use the formula of
Hansen & Phinney (1997), a Maxwellian distribution, and
Monte Carlo procedure to generate the individual kick ve-
locities for the neutron stars:
dN
Ndv
=
(
2
pi
)1/2 (
v2
σ3
)
e−v
2/2σ2 , (6)
where v is the kick velocity and σ is its dispersion, dN/N is
the normalized number in a kick velocity bin dv, and σ =
190 km s−1 based on analysis of pulsar samples (Hansen &
Phinney 1997). The kick velocities will affect the eccentricity
of systems during the evolution.
(7) Considering that the spiral host galaxy of FRB 180916
is similar to our Milky Way in mass and metallicity (The
CHIME/FRB Collaboration et al. 2020), here we adopt a
metallicity of Z=0.02 in our calculation.
(8) Once the Roche lobe mass transfer between the NS and
its companion star happens, the mass transfer rate is rela-
tively large so that the optical depth for most cases would
become too large to form an FRB within the “Binary Comb”
model. Therefore, here we only consider the binary systems
without Roche lobe mass transfer.
The outcomes of stellar evolution are following the same
definition in Hurley et al. (2000, 2002), e.g., NS stars are
formed from massive star (M > 7 M) core-collapse super-
novae (CCSN). Of the 107 systems, about 55% initial zero-
age systems are binaries which determined by Eq. 5. By con-
sidering the formation channel of NS from core-collapse su-
pernovae, we compare our results to other theoretical works
and the observations. As shown in Fig. 1, the birth rate of
NS at different delay-time (time after starburst) from our
work are full consistent with previous works and also match
the observation values.
Furthermore, we screen out those systems that can gen-
erate FRBs according to the “Binary Comb model”. Here we
set two criteria to become a NSC-FRB system:
(1) a relative young NS (tlife 6 104yr), which have enough
energy and enough luminosity for pertaining a funnel in the
wind from the companion;
(2) a suitable optical depth (τC < 10, Lyubarsky (2008)) to
the induced Compton scattering. Here we check the criterion
at the maximum binary separation distance r = a(1 + e),
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where a and e are the semi-major axis and the eccentricity
of the binary, respectively. We estimate τC by (the same as
Eq.4 of Ioka & Zhang (2020))
τC ∼ 3σT
32pi2
nw(r)Lc∆t
r2meν3
∼ 30 M˙−9V −13.3 r−413 (L∆t)38ν−39 ,(7)
where σT is Thomson cross section, L∆t = 10
38 erg (L∆t)38
is adopted as the FRB isotropic luminosity times duration
and ν = 1 GHz ν9 is adopted as the fiducial frequency. Simi-
lar to Ioka & Zhang (2020), here we estimate the wind den-
sity nw(r) around the NS as nw(r) ∼ nw(0)[a/(a + r)]2,
where
nw(0) ∼ M˙
4pia2mpV
. (8)
V is the wind velocity, and mp is the proton mass. Here we
adopt V ∼ 2×103 km s−1. It is worth noticing that this is a
typical estimation for massive main-sequence stars but not
for giant stars. The wind velocity of a giant star could be
1-2 order lower than a massive main-sequence star. Consid-
ering that there are very few NS+giant star systems existing
in our final sample, here we simply apply this value to all
systems, which should not affect the final results. The mass-
loss rate M˙ = 10−9M yr−1M˙−9 is due to stellar winds,
we selected parameters similar to the MESA isochrones and
stellar tracks (MIST) project for low mass and massive stars
(Dotter 2016; Choi et al. 2016). In MIST, the mass loss rate
of stars are treated via different formula, i.e., Reimers stel-
lar winds (Reimers 1975; McDonald & Zijlstra 2015) for low
mass stars (M < 10 M) and the formulas of Vink et al.
(2000, 2001) for massive stars. On the other hand, when the
companion star is another NS, the wind density around the
FRB source is (Ioka & Zhang 2020)
nw(0) ∼ Lw
4pia2mec2V Γ(1 + σ)
(9)
where Lw is the pulsar wind luminosity, σ is the ratio
of Poynting flux to particle energy flux, and Γ = [1 −
(V/c)2]−1/2 is the Lorentz factor of the wind.
3 RESULTS
Eventually we obtain 7808 NSC-FRB systems in the periods
of 1-100 days2. The properties for the system and for the
companion stars are summarized as follows:
• 96.7% (7554/7808) of the companion stars are core
hydrogen-burning main-sequence stars, 0.3% (21/7808) are
in shell hydrogen-burning stage, 0.7% (60/7808) are helium
stars and 2.3% (173/7808) are neutron stars. Since the NSC-
FRB system requires a newly born NS with lifetime much
shorter than the time to produce white dwarfs, there is none
NS+WD type system in our sample. In short, the dominant
type of NSC-FRB system is NS + MS binary, which are
much more than other types of binaries.
• Fig. 2 shows all the MS companion stars (the main
population of NSC-FRB systems in our sample) in the
Hertzsprung-Russell diagram. We find that most of the stars
2 As shown in Fig. 3, the birth rate of NSC-FRB systems with
periods outside this interval significantly decays.
are on F to O type, and few (< 0.2%) are G type. The dom-
inant type of stars is B-type (> 85%). The mass of MS com-
panion stars are in range of 1-24 M, with a peak between
4 and 12 M.
• Considering that the period of FRB 180916 is around
16 days, NSC-FRB systems with a period of 15 to 17 days
was analyzed separately. There are 446 NSC-FRB systems
with the period in a range of 15-17 days. For these sys-
tems, the companion stars are 97.7% (436/446) core-burning
main-sequence stars, 1/446 (0.2%) in shell hydrogen-burning
stage, 0.4% (2/446) helium stars and 1.7% (7/446) neutron
stars. Among the MS stars, the dominant type is B-type
(> 85%), and the star masses are in range of 1.5-10 M,
with a peak between 4 and 10 M.
• The ages of most NSC-FRB systems are younger than
50 Myr. There is a relatively wide eccentricity distribution
from 0.2 to 0.9, with a flat peak between 0.5-0.9 (∼ 80%
of systems), where the upper boundary mainly comes from
the limitation of no Roche lobe overflow. Most interestingly,
the orbital period distribution has a relatively sharp peak
just around 16 days, and 43.5% systems have period within
10-30 days.
Based on our results, we can judge from the probability that
if the periodically repeating FRBs are indeed produced from
NSC-FRB systems, the most likely companion of the neu-
tron star is B-type main-sequence star. For a specific sample
with FRB 180916 like period (∼ 16 days), the conclusion re-
mains unchanged. NSC-FRB system is likely to be close to
the star formation regions, which is consistent with the ob-
servation of FRB 180916 (CHIME/FRB Collaboration et al.
2019; The CHIME/FRB Collaboration et al. 2020). The pe-
riod of 16 days happens to fall in the most probable period
range, which may explain why FRB 180916 was the first
periodically repeating FRB to be detected. If our interpre-
tation is correct, we would expect to observe more periodi-
cally repeating FRBs with periods similar to FRB 180916,
or possible widely in 10-30 days.
Finally, we give a ballpark estimation for the absolute
birth rate of NSC-FRB systems with different orbital pe-
riod. Considering that FRB 180916 located in a Milky Way-
like spiral galaxy, in our calculation we assume a constant
star formation rate of 3.5 M yr−1 according to the recent
Milky Way value; (Diehl et al. 2006; Dominik et al. 2012;
Fantin et al. 2019), and assume a constant galaxy number
density of ∼ 106Gpc−3, which is the local cumulative galaxy
number density corresponding to the Milky Way mass ob-
jects (Torrey et al. 2015). Hence, we can convert the birth
rates for NSC-FRB systems in different delay-time (Fig. 1)
into an approximate volumetric birth rate, as used by the
LIGO/Virgo collaboration, with the formula of (see also in
de Mink & Belczynski (2015))
Rvol = 10 yr−1 Gpc−3
[
ρ
0.01Mpc−3
] [ Rgal
Myr−1
]
(10)
where ρ is the local density of Milky Way-like galaxies and
Rgal is the birth rates for NSC-FRB systems in Milky Way-
like galaxy. Fig. 3 shows the distribution of volumetric birth
rate along with different periods. Here we plot the birth
rate of NS+MS and NS+NS systems separately. The birth
rate of NS+MS systems is more than 10 times of NS+NS
systems, which proves again that if periodically repeating
FRBs are indeed produced by NSC-FRB systems, then most
c© 2011 RAS, MNRAS 000, 1–8
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Figure 1. The birth rate of CCSN and NSC-FRB system. The solid lines are birth rate of CCSN, P=1-100 days NSC-FRB systems
and P=15-17 days NSC-FRB systems in our results, respectively. The dotted lines are theoretic birth rate of CCSN from Zapartas et al.
(2017) and Eldridge et al. (2019), respectively. The pink squares shows the observation value for CCSN from Magellanic Cloud supernova
remnants(Maoz & Badenes 2010). Note that, the results of Maoz & Badenes (2010) cannot easily distinguish between CCSN and possible
type Ia supernovae. For the left pink square, it is CCSN occur at such low delay-times, but the right pink square may include both types
of supernovae.
of them comes from NS+MS (mostly likely NS-B-type star)
systems. For NS+MS systems in 15-17 days, the birth rate
would be 5.5 × 102 Gpc−3yr−1, which is about ten times
of the source birth rate estimated by Ioka & Zhang (2020)
(∼ 30 Gpc−3yr−1) based on the FRB observations (espe-
cially the properties of FRB 180916). The difference is un-
derstandable, since in our calculation, we did not consider
the restrictions for the magnetic field of the newly born NS
(Bp,NS). According to the “Binary Comb model”, for MS
companion cases, Bp,NS should be larger than 10
13 G (Ioka
& Zhang 2020). The magnetic field distribution of newly
born NSs is still very uncertain. Based on the Milky Way
observations, Beniamini et al. (2019) argues that a fraction
(in order of 0.1) of NSs being born as highly magnetized, and
their strong magnetic fields would decay on a timescale of
τB ∼ 104 years. If their interpretation is correct, our result
would be consistent with the one estimated from FRB obser-
vations. We therefore propose that the NSC-FRB systems
can at least provide one significant channel for producing pe-
riodically repeating FRBs. As shown in Fig. 3, the birth rate
c© 2011 RAS, MNRAS 000, 1–8
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Figure 2. The HR diagram of the MS companion stars.The red dots and blue dots indicate the P=15-17 days NSC-FRB systems
and the P=1-100 days NSC-FRB systems,respectively. In the top-left and lower-right panels, curves with different colours represent the
normalized number density distributions of the NSC-FRB systems in Teff and logL respectively.
distribution for both NS+MS and NS+NS drop steeply for
periods less than 10 days, inferring that if most periodically
repeating FRBs were generated by the NSC-FRB systems,
there should be very less FRBs with periods less than 10
days. Very interestingly, considering that the funnel would
be spiraled by the orbital motion within the photosphere,
Ioka & Zhang (2020) also predicted a lack of FRBs with pe-
riods less than 10 days for NS+MS systems and less than 0.1
days for NS+NS systems. These two results from different
perspectives confirm the lack of periodic FRBs with short
periods.
4 CONCLUSION AND DISCUSSION
The recent discovery of the periodically repeating FRB
180916 may bring clues for the source of repeating FRBs.
The binary system containing an NS and its companion star
(e.g. NSC-FRB system) has been well discussed to be the
source of periodically repeating FRBs. Following the “Bi-
nary Comb” model proposed by Ioka & Zhang (2020), in
this Letter we use the population synthesis method to study
in detail the properties of the companion stars and the na-
ture of NSC-FRB system. Our analysis shows that for NSC-
FRB systems, the companion star is likely to be a B-type
star with orbital eccentricity in a wide distribution from
0.20-0.90. Note that here we did not consider the quick cir-
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Figure 3. Distribution of volumetric birth rate for NS+MS and NS+NS FRB systems. The birth rate of DNS has increased to 5 times
for a clear view. The grey zone indicate the approximate period range of 15-17 days for FRB 180916.
cularization of the orbit. On the one hand, the circulariza-
tion effect might reduce the upper boundary of the orbital
eccentricity, on the other hand, it may reduce the number
of sources that meet the optical depth criterion (τC < 10),
because the neutron star becomes closer to the companion
star.
The period of 16 days of FRB 180916 happens to fall
in the most probable period range, which may explain why
FRB 180916 was the first periodically repeating FRB to be
detected, and we expect to observe more periodically repeat-
ing FRBs with periods around 10-30 days. When the com-
panion is a B-type star, the birth rate for NSC-FRB systems
with 15-17 days is estimated as 5.5 × 102 Gpc−3yr−1. This
value will be affected by the initial parameters for binary
star evolution. Zapartas et al. (2017) applied similar initial
parameters for calculating neutron star formation, and they
indicated that the change of total number events of CCSN
with a variety of settings is less than 25%. Thus, as a very
brief estimation, we would expect the change in the birth
rate in this work is around 25%, either. In this case, even if
the observation effect, the restrictions for the magnetic field
of the newly born NS and the orbital circularization effect
are considered, the birth rate could still fulfill the event rate
requirement set by the observation of FRB 180916, inferring
that the NSC-FRB systems can at least provide one signif-
icant channel for producing periodically repeating FRBs.
However, it is worth noting that in order to investigate in
more depth the statistical properties of the NSC-FRB sys-
c© 2011 RAS, MNRAS 000, 1–8
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tems, a study of the sensitivity of the theoretical predictions
(rates, distributions of properties) to the uncertain input
physics needs to be investigated in the future work.
In summary, we propose that if the periodically repeat-
ing FRBs are indeed from NSC-FRB systems, in addition
to discussing the formation mechanism of radio emission, it
is also worth exploring the properties of the binary systems,
which could be useful for future research on the observation
and theoretical modeling for fast radio bursts. The specific
results discussed in this Letter are under the “Binary Comb”
model framework, however, the method proposed here can
also be applied to other models as long as the criteria to
become a NSC-FRB system being revised accordingly. For
instance, Lyutikov et al. (2020) proposed that the observed
periodicity is due to the orbital phase-dependent modula-
tion of the absorption conditions in the massive star’s wind,
in this case, the NS needs to be strongly magnetized and the
companion star wind density also needs to adjust to produce
periodic FRBs.
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